Epigenetics of human cancer becomes an area of emerging research direction due to a growing understanding of specific epigenetic pathways and rapid development of detection technologies. Aberrant promoter hypermethylation is a prevalent phenonmena in human cancers. Tumor suppressor genes are often hypermethylated due to the increased activity or deregulation of DNMTs. Increasing evidence also reveals that viral genes are one of the key players in regulating DNA methylation. In this review, we will focus on hypermethylation and tumor suppressor gene silencing and the signal pathways that are involved, particularly in cancers closely associated with the hepatitis B virus, simian virus 40 (SV40), and Epstein-Barr virus. In addition, we will discuss current technologies for genome-wide detection of epigenetically regulated targets, which allow for systematic DNA hypermethylation analysis. The study of epigenetic changes should provide a global view of gene profile in cancer, and epigenetic markers could be used for early detection, prognosis, and therapy of cancer.
INTRODUCTION
Epigenetics is the study of DNA modifications, which can regulate gene expression without changeing DNA sequences. Accumulating evidence shows that epigenetic modifications have a crucial role in cancer development. These epigenetic modifications may induce the followings: hypomethylation leading to oncogene activation and chromosome instability; hypermethylation resulting in tumor suppressor gene silencing; chromatin remodeling and RNA-associated silencing. These modifications require the dynamic activity of DNA methyltransferases (DNMTs), histone modifying enzymes, and their corresponding interacting cellular factors. DNA methylation of CpG dinucleotides, which represent the target for the covalent modification of DNA [1] , is one of the major mechanisms in the epigenetic regulation of genes. The methyl group protrudes from the cytosine nucleotide into the major *Correspondence: Yu Sun CHANG Tel: 886-3-211-8800 ext 5131 Fax: 886-3-211-8683 E-mail: ysc@mail.cgu.edu.tw groove of the DNA, giving two major effects, to displace transcription factors that normally bind to the DNA [2, 3] and to attract methyl-binding proteins, which are functionally associated with gene silencing and chromatin compaction [4] , probably via interactions with complexes that modify the tails of histone proteins. On the other hand, histone proteins form octomers around DNA loops to form nucleosome, the individual packaging unit of genomic DNA. The histone tails that extrude from the nucleosomes can be modified by methylation [5] , acetylation [6] , phosphorylation [7] , or ubiquitination [8] to creat potential combinations that have been referred as histone codes [9] in which gene regulatory information is concealed. Most recently, histone demethylase has been identified [10] . This enzyme is referred to as lysine specific demethylase 1 (LSD1) because it can demethylate a lysine on the tail of histone H3. The LSD1 is likely, through maintaining an unmethylated histone, to repress specific genes. .
Within the last few years, a number of reviews with an emphasis on various aspects of epigenetic modifications in cancer have been published [11] [12] [13] [14] [15] . In this review, we will focus on hypermethylation and tumor suppressor gene silencing in cancer development, particularly in virus-associated cancers.
DNA methyltransferases, tumor suppressor genes and cancer development
The first indication that epigenetics plays a role in cancer was the discovery of altered gene methylation in colorectal cancers by Feinberg & Vogelstein [16] . Methylation mediated by DNMTs, occurs at the C-5 position of cytosine residues present in CpG dinulceotides. CpG dinucleotides known as CpG islands are locally enriched in shorter stretches of DNA, ranging from 0.5 to several kilobases (kb) [17] . CpG islands are most commonly associated with promoter regions and present in approximately 60% of human genes [18] . DNA methylation of the CpG islands is mediated by at least three active DNA methyltransferases: DNMT1, DNMT3A, and DNMT3B. DNMT1 functions as a hemi-methylase responsible for maintenance of correct methylation patterns for DNA replication. DNMT3A and DNMT3B, on the other hand, are de novo methyltransferases important for establishing methylation patterns during embryogenesis.
DNMT1 is necessary and sufficient for Fos-induced transformation of mouse fibroblast cells [19] . DNMT1 knockdown experiments in human cancer cell lines have demonstrated an essential role for DNMT1 in maintaining aberrant repression of tumor suppressor loci [20] . Similarly, cell culture studies have demonstrated an important role for DNMT3A in cancer cell survival [21] . ICF syndrome, a rare disorder characterized by immunodeficiency, centromeric instability, and facial abnormalities, is caused by germ-line mutations in dnmt3b [22, 23] . Interestingly, mouse embryo fibroblasts deficient of DNMT3B are resistant to transformation by SV40 large T antigen and contain active Ras oncogenes [24] , suggesting that epigenetic and genetic mechanisms likely act in concert during cellular transformation. It is also worth noting that DNMT1 and DNMT3B are overexpressed in certain human cancers, although only at moderate levels [25] [26] [27] .
DNA methylation is tightly connected to cancer development. Oncogenesis is promoted by local hypermethylation of tumor-suppressor genes, whereas global genomic hypomethylation, on the other hand, affects oncogene expression and genomic stability [12] . Existing data suggest that the number of cancer-related genes affected by epigenetic inactivation equals to or exceeds the numbers that are inactivated by mutation [12, 28] . Many genes modified by promoter hypermethylation have the classic tumor-suppressor function. Hypermethylation of tumor suppressor genes is generally associated with transcriptional repression to give rise to reduced expression or even gene silencing. Furthermore, hypermethylation of tumor suppressor genes can be an early event in cancer development [29] [30] [31] suggesting that both epigenetic modifications and genetic mutations can contribute to the disfunction of tumor suppressor genes, leading ultimately to tumor formation.
VIRUS INFECTION, EPIGENETICS ALTER-ATIONS AND CARCINOGENESIS
Virus infection especially DNA viruses and retroviruses, which may cause insertion of viral DNA sequence into the host genome, often triggers the host defense mechanism, particularly, DNA methylation machinery, to cause the methylation of foreign movable viral genome. DNA methylation of these viral DNAs is an effective method to silence viral gene expression. This process catalyzed by DNMTs involves the addition of methyl group in the cytosine residue primarily onto the viral DNA promoter CpG islands. Methylation labels the viral genome, and this in turn, recruits other protein factors such as methyl CpG binding protein (MeCP) 1 and 2, histone deacetylases (HDACs) [32] and transcription repressor (Sin3) [33] to form specific protein complex on methylated CpG island containing promoter. These regions are inaccessible to transcription factors, while transcription repressors on the other hand are recruited to the protein complex. Chromatin structure becomes compacted due to histone deacetylation. Consequently, gene transcription is inhibited or silenced. To maintain the genome stability, DNA methylation induced gene silencing on the integrated virus DNA is crucial for mammalian cells to subdue the intruder's DNA. Exogenous retroviral DNAs can be inactivated due to de novo DNA methylation and were able to integrate into human genome to become part of it [34] . Indeed, human genome contains DNA sequences resembling the retroviral long terminal repeats (LTRs) [35] and the transposable elements. Interestingly, viruses can find ways to counteract this cellbased modification and even take advantages of it. An informative review has discussed how could different viruses adapt different tactics to regulate viral gene expression through DNA methylation [36] . DNA methylation, in general, suppresses the viral gene expression, yet, methylation of distinct sets of gene promoters in EpsteinBarr virus (EBV) signifies different latency stages (I-III), which is essential for EBV to establish persistent infection and helps virus to evade the host immune system [37] . It is conceivable that once the viral genes are modified, it may as well affect the methylation status of the host genome.
Virus infection is one of the many factors having been linked to the development of various human cancers. Since virus genome may cause disruption of the host genome by insertion mutations and chromosomal rearrangements, cells infected by virus can be predisposed into cancer. For example, an insertion of viral promoter sequences adja-cent to host protooncogenes can cause neoplasia. Some DNA and RNA viruses may even carry their own viral oncogenes with transforming activities. Apart from introducing genetic changes, the presence of viral genome correlates to the aberrant methylation profile in human cancers. However, little is known about the molecular basis of virus-associated methylation. Here, three viruses, hepatitis B virus, Simian virus 40 and EBV, have been chosen to demonstrate their roles in altering host genome methylation profile. Such epigenetic modification of virus on cellular genes may contribute to viral pathogenesis and tumorigenesis. More importantly this deregulated methylation can be induced by the upregulation of the key methylation enzymes DNMTs, especially in cells expressing EBV oncoprotein latent membrane protein 1 (LMP1). Abnormal methylation can predispose cells into precancerous stage through inactivation of tumor suppressor genes and cell cycle regulated genes by hypermethylation, and reactivation of oncogenes by hypomethylation within the promoter region. We will also discuss the signaling pathways involved in DNMTs activation, and the role of epigenetic alteration in virus-induced carcinogenesis.
Hepatitis B virus
HBV is a member of hepadnaviruses, which contains a double-stranded circular DNA genome of 3.2 kb. Integrated HBV genome is frequently detected in chronic virus infection and hepatocellular carcinoma (HCC) patients. Epidemiology data have shown that HBV is one of the etiologic agents in HCC development. However, the molecular mechanism(s) of HBV leading to HCC remains unclear. A well-accepted "indirect" model suggested that HBV-induced cell injury, the result of immune responses to HBV infection, causes liver regeneration [38] . Intensive cell proliferation during liver cell regeneration accumulates mutations, increasing chances of errors during DNA replication. Cells acquired appropriate genetic mutations will undergo clonal expansion and finally develop into HCC.
Several studies have shown that a tumor suppressor gene, p16
INK4
is frequently inactivated (~60%) in HBVrelated HCC tumor specimens due to extensive CpG methylation within the promoter region [39] [40] [41] . The gene product p16 is even present in chronic hepatitis and cirrhosis but with relatively lower frequency (~15%) [41] , indicating that inactivation of p16 INK4 may occur in early precancerous stage. Therefore, hepatitis virus infection may be one of the risk factors for inactivation of the p16 INK4 via hypermethylation. In one report, the promoter region of glutathione Stransferase (GSTP1), encoding an enzyme that protects cells from oxidation damage and electrophilic carcinogens, is commonly hypermethylated (65%) in hepatitis B virus (HBV)-associated HCC tissues [42] . In those cases, GSTP1 protein is absent. Thus, HBV-related HCC is highly linked to the hypermethylation of cellular genes p16 INK4 and GSTP1. However, it is still not known which HBV viral gene is responsible for CpG hypermethylation. Whether HBV genome has a direct effect on the CpG methylation of these gene promoter remains ambiguous. Therefore, one cannot rule out the possibility that HBV infection and CpG methylation in p16 INK4 and GSTP1 are independent events during hepatocarcinogenesis.
To examine global epigenetic and genetic alterations associated with the HBV integration in HCC, restriction landmark genomic scanning (RLGS), which is a two-dimensional gel electrophroesis system, was used to compare genomic DNA profiles of HCCs with that of the cell lines with or without HBV integration [43] . According to this study, one NotI landmark spot appeared in HBV-integrated cell lines or in primary HCCs, but not in HCCs or tumorcell lines without HBV integration. Cloning of this spot revealed that it comprised of a NotI cluster sequence with CpG dinucleotides. This sequence, located to the peri-centromeric region, was hypomethylated in association with HBV integration. The results demonstrated that epigenetic changes at specific position in the genome accompanied with HBV integration may be related to hepatocarcinogenesis. To evaluate whether epigenetic change, particularly aberrant DNA methylation, is a cause or consequence of tumorigenesis, mice with reduced DNMT expression were established to examine the effect of genome-wide DNA hypomethylation [44, 45] . In these studies, mutant mice developed early onset of lymphoma and frequently show chromosomal abnormality such as chromosome trisomy, indicating that DNA hypomethylation indeed plays an important role in tumorigenesis, probably via promoting chromosomal instability. Hence, HBV-induced genome hypomethylation may be similar to that of the DNMT mutant mice. In both cases DNA hypomethylation may increase the risk of cancer by promoting genomic instability.
Simian virus 40
SV40 is a member of polyomavirus, with a small doublestranded, circular DNA genome of 5 kb. SV40 is a tumor virus of primate origin. It has spread to human via contaminated poliovirus vaccines [46] . SV40 large T antigen is a viral protein required for viral DNA replication, and a potent transforming protein. It binds and inactivates tumor suppressor gene products, p53 and RB proteins. SV40 infection has been linked to a number of human cancers, including mesotheliomas, bone and brain tumors and lymphomas [47] [48] [49] [50] , although the mechanism involved is, as yet, controversial. In malignant mesothelioma (MM), a lethal neoplastic disease associated with asbestos exposure, SV40 DNA can be detected in 48% of MM patients [48] . However, there is no apparent link between SV40 and asbestos exposure suggesting that both viral and environmental factors contribute to the development of MM.
Aberrant methylation of the tumor suppressor gene Rasassociation domain family 1 A (RASSF1A) is detected in SV40-associated MM. By using methylation specific PCR, methylation percentage of four genes, hyperplastic polyps (HPP1), RASSF1A, cyclin D2, and Ras-related associated with diabetes (RRAD), was significantly higher in SV40-positive MMs than that in SV40-negative MMs [51] . To mimic the development of MM, an in vitro cell culture system, SV40-infected normal human mesothelial cells (HM), was established [51] . Interestingly, SV40-infected HM showed progressive aberrant methylation in seven genes [RASSF1A, HPP1, Decoy receptor 1 (DcR1), target of methylation-induced silencing (TMS1), cellular retinolbinding protein (CRBP1), hypermethylated in cancer (HIC-1), and RRAD] especially after fifty serial cell passages, suggesting the accumulation of epigenetic errors overtime or during DNA replication. These results demonstrate a close link between SV40 and methylation of multiple genes in MM, indicating that SV40 plays a role in MM pathogenesis .
In addition to inactivate tumor suppressor gene, SV40 T antigen has been shown to act in concert with activated Ras and teleomerase to form colonies in soft agar assay by using normal human bronchial cells (NHBC) [24] . The expression of one of the DNMT 3B isoforms was increased in these transformed cells. The introduction of DNMT3B antisense RNA suppressed T antigen-induced transformation. Similarly, mouse embryo fibroblasts expressing T antigen and Ras formed soft agar colonies and tumors, yet fibroblasts from Dnmt3b -/-mice did not grow on soft agar. Furthermore, the transcription of two tumor suppressor genes, fragile histidine triad (FHIT) and tumor suppressor in lung cancer (TSLC1) were reduced in transformed NHBE cells, while DNMT3B antisense RNA reactivated the expression of FHIT and TSLC1. These results indicate that T antigen and Ras work together to activate DNMT3B, a de novo DNA methyltransferase. It is likely that the CpG islands on tumor suppressor genes' promoter regions become one of the targets of DNMT3B. Obviously, inactivation of tumor suppressor genes due to hypermethylation is one of the major reasons leading to tumor progression.
Epstein-Barr virus
EBV is a ubiquitous human herpesvirus, with a huge double-stranded DNA genome of ~172 kb. EBV is closely associated with several human malignancies, including nasopharyngeal carcinoma (NPC), Burkitt's lymphoma, T cell lymphoma and gastric carcinoma [52] . In NPC, EBV infection is predominantly latent, and viral gene expression is under strict control. During different latency phase, different viral promoter sets will be activated via regulation of methylation. One of the viral genes, the latent membrane protein 1 (LMP1), is expressed in ~70% of NPC. LMP1 is an oncoprotein with transforming capability [53, 54] . It has been shown that human epithelial cells expressing LMP1 had higher invasive ability, in correlation with reduced E-cadherin expression [55, 56] . Our previous data demonstrated that reduction of E-cadherin is the result of LMP1-induced hypermethylation of Ecadherin gene promoter through activation of DNMT1, 3A and 3B [57] . Addition of DNMT inhibitor, 5'-Aza-2'-dC, in LMP1 expressing epithelial cells, restored the expression of the E-cadherin, suggesting that LMP1 regulates the expression of specific cellular gene via epigenetic modification. Recently, we have defined the region on LMP1, which is responsible for the DNMT activation and the signaling pathway involved (Tsai et al in preparation). By using different LMP1 deletion mutants, we were able to locate the C-terminal activation region 2 (CTAR2) of LMP1 as the domain required for DNMT activation. It has been reported that CTAR2 can activate AP-1/JNK signaling pathway [58] . We thus use JNK inhibitor (SP60012) to show that DNMT is indeed the downstream target of JNK. In addition, mutation of the AP-1 site on DNMT1 promoter, and c-Jun dominant-negative mutant blocked the LMP1-induced DNMT activation. Chromatin immunoprecipitation (ChIP) assay further demonstrated that DNMT1, 3A, 3B, MeCP2 and HDAC1 formed protein complex on the E-cadherin promoter in the LMP1 positive cells but not in the control cells. Taken together, a single viral oncoprotein in EBV has been identified, which is capable of activating DNMTs via AP-1/JNK signaling pathway. DNMTs are key enzymes to inactivate transcription by DNA hypermethylation and to ensure proper gene repression. In order to maintain the harmonious internal environment, the protein level or the enzymatic activity of DNMTs should be tightly controlled. Nevertheless, disruption of this delicate balance will result in chaos. The fact that LMP1 activates DNMTs highlights the importance of virus as an initiator or a cofactor to induce epigenetic alterations. In fact, LMP1 is the first viral gene that was identified with the ability to activate DNMTs via a defined signaling pathway. Aberrant DNA hypermethylation induced by viral gene is one of the methods that virus contributes to tumor development. Besides E-cadherin (Ecad) promoter, other tumor suppressor gene promoters such as RASSF1A, retinoic acid receptor (RAR) β2, p16 INK4 and p14 are also hypermethylated in NPC [59] [60] [61] [62] , supporting the previous evidence that frequent hypermethylation on cellular promoters may be a common phenomenon in NPC.
Several clinical reports stated that EBV-associated gastric carcinoma (GC) exhibited global and non-random DNA methylation, including p16
INK4
and E-cad [63] [64] [65] . Intriguingly, EBV-associated GC does express latency genes (EBNA1, EBER1, BARF0 and LMP2A), but does not express LMP1 and EBNA2 [66] , suggesting other viral gene(s) or alternative mechanism may be involved in the EBV-associated GC epigenetic alteration.
It appears that different viruses induce both genetic and epigenetics changes in the infected cells. Viruses utilize similar strategies to alter the epigenetic information of their hosts, and these strategies have been summarized in Fig. 1 . Viral proteins are involved either directly or indirectly in activation of DNMTs, especially that of the DNMT3b, a gene required for de novo DNA methylation. Thus aberrant methylation or epigenetic silencing of the key regulators of cell growth, signaling pathways and tumor suppressor genes are the main causes for tumor formation. However, whether this methylation event has preference on certain genes remains unknown. In addition to SV40 and EBV, infection of HIV also causes upregulation of the DNMT1 protein expression [67, 68] . This activation in turn elevated the global genomic methylation and on the other hand suppressed other genes expression such as interferon-γ (IFN-γ), a cytokine important for immune response during virus infection [67] , and p16
, a common altered tumor suppressor gene found in cancers. This aberrant methylation may correlate to AIDS and AIDSassociated malignancies; however, it is not clear which HIV viral gene is involved in such process. Nevertheless, increasing evidence has revealed that viral genes are one of the key players in regulation of DNMTs. Identification of the pathways involved in regulating DNMT by viral gene may gain insights into the virus-mediated pathogenesis and tumorigenesis.
MOLECULAR TECHNOLOGY FOR CANCER EPIGENOMICS
Epigenetic research offers a major opportunity for understanding a novel mechanism of gene regulation and its roles in cancer development. It is important to systematically identify potential methylation-specific targets, which could be served as biomarkers for cancer prevention, prognosis and treatment. Thus, in the following section, we will discuss current technologies used for identification of methylation-regulated genes. It has been established that DNA methylation can be mostly preserved in the clinical samples. In contrast, the detection of the chromatin modifications is less feasible in patients' samples. Cancer epigenomic measurement has been focused on the detection of the tumoral DNA methylation modifications. Therefore, the majority of the developed techniques are aiming for the characterization of single gene or genomewide DNA methylation.
PCR-based single gene DNA methylation detection
A number of PCR-based detection methods has been widely used to characterize single gene methylation modification. These include: (1) bisulfite DNA conversion [69, 70] followed by PCR, in which the methylated DNA Fig. 1 Various strategies for viruses to alter host epigenetics via DNA methylation. Viruses silence cellular genes via DNA hypermethylation within the gene promoter region by direct activation of DNMTs or by some unknown mechanism (?). EBV oncoprotein LMP1 is a well-studied viral protein that can activate DNMT1, DNMT3a and 3b (Tsai and Chang, unpublished data), thereby altering the epigenetic state of cellular genes, especially tumor suppressor genes e.g. E-cadherin, p16 and RASSF1A. Viral genes are enclosed in a rectangle. The asterisk represents the identified viral genes that are involved in regulating the activity of DNMTs. Virus associated human malignancies are shown in italics and underlined. HCC, hepatocarcinoma; MM, malignant mesotheliomas; NPC, nasopharyngeal carcinoma; GC, gastric cancer.
is protected against the bisulfite treatment, whereas, the cytosine in the unmethylated DNA will be modified into uracil after bisulfite conversion. After PCR amplification uracil will further turn to thymidine; this conversion process creates a physical difference in unmethylated DNA sequence. However, DNA sequencing must be performed to confirm the sequence conversion. Essentially, most detection methods developed later on are based on this C to T conversion. (2) Modified bisulfite conversion in combination of restriction enzyme analysis called the Combined Bisulfite Restriction Analysis (COBRA) [71] is used to distinguish methylated versus unmethylated DNA by the loss of specific enzyme site e.g. BstI, in the unmethylated DNA after bisulfite conversion. (3) Methylation specific PCR (MSP) [72] uses specific methylated and unmethylated primers, whose sequences contain possible methylation sites to PCR amplify the bisulfite converted genomic DNA. Alternatively, a similar set of primers is designed to perform a more sensitive, high-throughput quantitative methylation assay that is fluorescence-based real-time PCR (TaqMan) technology "MethyLight" [73] [74] [75] . (4) Recently, two modified bisulfite-treated DNA methylation-mapping techniques have been developed; they are "pyrosequencing" [76, 77] and "RNase T1 cleavage /matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)" [78] . Pyrosequencing is a real-time sequencing technology, which detects the release of pyrophosphate (PPi) during nucleotide incorporation, the quantitative conversion of pyrophosphate to ATP by sulfurylase, and the subsequent production of visible light by luciferase [79] . This method can measure as many as 10 successive CpGs in a single sequencing reaction spanning up to 75 nucleotides. The MALDI-TOF approach requires the conversion of the bisulfite-treated DNA into RNA by tagging the PCR product with T7 promoter. The in vitro transcribed RNA is then subjected to RNaseT1 cleavage to produce a specific pattern of RNA fragments. These RNAs are analyzed using MALDDI-TOF technology to distinguish methylated and unmethylated DNA. These modified techniques provide a rapid analysis of CpG methylation patterns and may develop as a high-throughput screening platform.
Genome-wide epigenomic detections
Although single locus methylation is sufficient to disturb gene expression, tumorigenesis is often found to be associated with changes in global DNA methylation. Currently, the array based or non-array based technologies have been developed to detect this genome-wide methylation changes. Some of the non-array based methods, like HPLC, detect the overall content of the genome-wide DNA methylation without revealing the exact identifications of the genes. These methods provide a quick overview of the genome's methylation status.
The other non-array based method like RLGS [80] [81] [82] uses the methylation-sensitive enzyme like NotI to create a genome-wide methylation differences between the tumor and non-tumor parts. These DNAs were then labeled with isotope, and profiled onto two reproducible two-dimensional gels. After comparison, the gained or lost spots can be isolated from the gels, recovered, cloned and sequenced. Progressive identifications of the frequent methylated and/ or de-methylated loci make the data processing easier and more reliable. The potential of cloning and arraying all of these NotI frequent methylated fragments makes the applications of the RLGS even broader. The methylationsensitive representational difference analysis (MS-RDA) [83] represents another type of methods that does not use microarray system. Still, these methods use the methylation sensitive enzyme to discriminate between the tumor and non-tumor samples, followed by the ligation and PCR process similar to subtraction PCR approach. The amplicons survived the subtraction are cloned and sequenced. Other similar methods have been adapted to scan the cancer methylation status without using the array system.
The array-based technology, or the CpG microarray system, stands out in interrogating the cancer epigenomics. The CpG islands are the hotspots for epigenetic regulation. At least three kinds of targets can be detected on this platform: (1) Differential methylation hybridization (DMH) [84] [85] [86] detects the cancer methylation status, (2) ECIST [87, 88] measures the gene transcripts, and the (3) ChIPon-chip [89] interrogates the chromatin conformational changes (Fig. 2) . Since these three arrays are performed on the same platform, the results from different assay can be compared directly, and more reliable data will be obtained. Therefore, one set of data can be used to confirm with of the others. Since ChIP-on-chip microarray can be used to identify transcription factors binding on the target loci, it is possible to monitor the epigenetic modifications within certain signaling pathways [90] and to dissect the cancer epigenomic pathway systematically.
Technologies are rapidly evolving to probe the cancer epigenetic modifications, and the accuracy and sensitivity of these methods are improving. Moreover, the majority of these measurements are now equipped with high throughput scanning ability to accelerate the screening process. Screening process can be modified by focusing on a smaller panel of CpG array with biological-related specific genes. Hence it may speed up the discovery of epigenetically regulated biomarkers in a given cancer.
PERSPECTIVES
Methylation of DNA has been shown to be the most consistent molecular change in many neoplasms. DNA methylation results in hypermethylation of specific target genes, which can be detected at various stages of cancer development. Hopefully, in the near future, we can identify signature hypermethylated genes that can be used as biomarkers for specific type of cancer.
Current techniques are focused on identifying the presence of disease, and to a much lesser extent, on early detection of malignancies. An epigenetic alteration might function as a marker prior to the development of cancer [91] [92] [93] . Thus, epigenetic markers may be crucial for identifying the risk of cancer development. The systematic approaches described above may allow one to identify those novel targets regulated through epigenetic modifications.
An epigenetic change, unlike a genetic change, can be easily reversed by the use of therapeutic interventions. Hypermethylated genes found in cancer seem to be particularly sensitive to reactivation by DNA methylation inhibitors. Therefore, therapeutic targeting DNA methylation may restore multiple gene functions at the same time. To date, many chemical agents have been discovered to selectively inhibit either DNMTs or HDACs. A DNA methylation inhibitor, 5-aza-2'-deoxycytidine, has been shown to restore a normal pattern of imprinting in tumor cells, without disrupting imprinting on normally marked alleles [94] . Two azanucleotides (5'-azacytidine, 5-azaCdR) have entered clinical trials for treating patients with myeloid disease [95] .
As described in the earlier section, viral proteins may regulate epigenetic modifications in virus-associated cancers. This provides a specific therapeutic strategy that targets both viral proteins and DNA methylation mediated by these proteins. Using both viral and methylated cellular genes as therapeutic markers may provide another option for interventions to prevent further progression in virusassociated cancers.
The significance of epigenetics in cancer development is clearly evident. The challenge in the research and identification of methylation-related target genes lie in the fact that methylation information is not retained during an amplification step (amplification by PCR or by cultivation as plasmid in E. coli). Although current systematic approaches have been proven to be successful in identification of methylation-regulated markers, the process is both time-consuming and labor-intensive. Technical improvements in the study of methylation should stimulate much future research on epigenetics. Fig. 2 DMH, ECIST and ChIP-on-chip analysis of the cancer epigenome using CpG island microarray. Three microarray systems are developed to target the same CpG island array and to detect changes in DNA methylation or chromatin conformation (ChIP-onchip) status during cancer progression. Experimental data obtained from one screening system can be validated by the other two systems. Differential methylation hybridization (DMH) is used to detect global DNA methylation changes. Tumor genomic DNA is digested into small fragments and ligated with adaptors. Methylation sensitive restriction enzymes (e.g. BstUI and HpaII) are used to discriminate the methylated and unmethylated DNA fragments. Differences in methylation status are amplified by PCR using the adaptor sequence as primers. The amplified signals from tumor and non-tumor are labeled with Cy5 and Cy3 dyes, respectively, and co-hybridized onto the CpG microarray. The second system is the "expressed CpG island sequence tag" (ECIST). Profile of gene expression can be obtained by hybridizing CpG microarray with cDNA, which is enriched at the 5'-end of the expressed genes by RNA ligase-mediated cDNA synthesis, RLCS [51] . As a result, a methylated locus usually signifies a silenced gene. The third system is ChIP (Chromatin immunoprecipitation)-on-chip microarray [89] , which is developed to dissect the tumoral chromatin conformation and/or upstream transcriptional activities directly. Antibodies against specific modified chromatin components such as Acetyl-Histone 3 (correlated with active transcriptional activities) can be used to immunoprecipitate the chromatin component in an active/silent status. After purification, the stripped DNA are labeled and hybridized with the CpG array.
